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E-mail address: jsunkim@chonnam.ac.kr (J.-S. KimHlyU is a transcription factor of the ArsR/SmtB family and activates the expression of the pathogenic
Vibrio vulniﬁcus RTX toxin. In contrast to the other metal-responding ArsR/SmtB proteins, HlyU does
not sense metal ions. To provide its structural information, we elucidated the crystal structure of
HlyU from V. vulniﬁcus CMCP6 (HlyU_Vv). The monomeric HlyU_Vv architecture of ﬁve a-helices
and two b-strands, some of which constitute a typical DNA-binding winged helix-turn-helix (wHTH)
motif, is very similar to that of other transcription regulators. Nonetheless, the homo-dimeric
HlyU_Vv structure shows several different, three-dimensional features in the spatial position and
the detailed dimeric interaction, which were not observed in the modeling study based on the same
protein family and sequence similarity.
Structured summary:
MINT-7710072, MINT-7710086: HlyU_Vv (uniprotkb:Q8DES3) and HlyU_Vv (uniprotkb:Q8DES3) bind
(MI:0407) by X-ray crystallography (MI:0114)
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Vibrio vulniﬁcus is a human pathogen that preferentially infects
compromised, iron-overloaded patients [1] and frequently causes
fatal septicemia with a rapid progress, resulting in a mortality rate
of more than 50% within a couple of days [2]. Its common symp-
toms include vomiting, diarrhea, abdominal pain and a blistering
dermatitis. A complete loss of its cytotoxic activity and a decreased
virulence were observed due to a mutation in the rtxA gene [3,4],
implicating its critical role in the cytotoxic activity and virulence
of V. vulniﬁcus.
Activation of the rtxA operon expression is controlled by HlyU
at the transcription initiation level [3,4]. HlyU, a transcriptional
activator protein, belongs to the ArsR/SmtB protein family thatchemical Societies. Published by E
CMCP6; rmsd, root-mean-
scattering; Se-Met, seleno-L-
hemistry, Chonnam National
-757, Republic of Korea. Fax:
).substantially responds against high metal concentration and acts
frequently as a negative transcription regulator [5–7]. Two me-
tal-binding sequence motifs are conserved at the middle (M1)
and the end (M2) of the primary sequences in the ArsR/SmtB
protein family (Fig. 1(A)). However, careful analysis of HlyU has
implied that it does not act as a metal-binding protein.
Recently, a structural model for the HlyU of Vibrio cholera
(HlyU_Vc) was predicted [8], which was modeled using SmtB
from Synechococcus PCC7942 [6], CzrA from Staphylococcus aureus
[7] and CadC from S. aureus pI258 [9] as templates. Though the
modeled structure was successful in providing its overall folding
and in suggesting the absence of metal-binding site [8], it may
be limited in describing the discerned features of the HlyU family
since the modeled structure is almost identical to the templates
used. Here, we elucidated the crystal structure of HlyU from V.
vulniﬁcus CMCP6 (HlyU_Vv) at 2.0 Å resolution. The overall archi-
tecture of HlyU_Vv is similar to that of SmtB [6], but there are
several substantial structural differences in forming a dimeric
structure and in the relative positions of the DNA-recognition
helices and the winged regions that are supposed to take part
in DNA binding. These differences cannot be identiﬁed in the
modeled structure.lsevier B.V. All rights reserved.
Fig. 1. Overall structure of HlyU_Vv. (A) Sequence-comparison of HlyUs. The cylinders (a) and the arrows (b) above the aligned sequences represent the helix and the strand,
respectively. The numbering scheme used follows the amino acid sequence of HlyU_Vv. The identical residues are marked by  and conserved residues by ‘‘:” and by ‘‘.”. The
abbreviations used in this ﬁgure are HlyU_Vv for V. vulniﬁcus, HlyU_Vc for V. cholerae and SmtB (1SMT) for a cyanobacterial metallothionein repressor SmtB. Two metal-
binding sites (M1 and M2) are displayed in bold on the compared sequences. (B) Overall shape of the HlyU_Vv dimer. Both subunits are differentiated by colors, green and
magenta. a1, a2 and a5 helices from both subunits contribute to the formation of a stable dimeric structure. The ﬁgures, except for (A), were prepared by the PyMol
Molecular graphics program of Delano Scientiﬁcs.
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2.1. Cloning, expression and puriﬁcation of HlyU_Vv
The V. vulniﬁcus CMCP6 gene coding for HlyU_Vv
(gi_27363975, Met1-Glu98) was ampliﬁed from the chromosomal
DNA of V. vulniﬁcus CMCP6 and then cloned into pProExHTc
(Invitrogen), which expresses 25 extra amino acids at the N-ter-
minus including the six continuous His residues. The expression
construct was transformed into E. coli B834(DE3) cell and grown
in a Luria–Bertani medium containing 100 lg/ml ampicillin at
310 K. After induction with 1.0 mM IPTG for a further 8 h at
293 K, the culture was harvested by centrifugation at 5000g at
277 K. The cell pellet was resuspended in ice-cold buffer A
(20 mM Tris–HCl at pH 7.5 and 500 mM NaCl) and disrupted by
ultrasonication. The cell debris was removed by centrifugation
at 11 000g for 1 h. The HlyU_Vv fusion protein was puriﬁed
using a 5 ml HisTrap chelating column (GE healthcare, Uppsala,
Sweden) and the bound protein was eluted with a linear gradient
from 0 to 500 mM Imidazole in buffer A. After cleavage with rTEV
to remove the six His residues, the protein was further puriﬁed by
size-exclusion chromatography using Sephacryl S-300 HR (GE
healthcare). The puriﬁed protein was >95% pure, as judged by
Coomassie Blue-stained SDS–PAGE and concentrated to 10 mg/
ml in a buffer of 20 mM Tris–HCl at pH 7.5 and 100 mM NaCl.
The seleno-L-methionine (Se-Met) substituted protein was ex-
pressed in a minimal medium supplemented with Se-Met and
puriﬁed by applying the same sequential chromatographic steps
as those used of the native protein.2.2. Crystallization, data collection and structure determination
The initial crystallizing condition of the native HlyU_Vv protein
was obtained from Sparse Matrix Screening [10]. Suitable native
and Se-Met crystals for diffraction experiments were obtained
using the hanging-drop vapor-diffusion method at 295 K within
3 days from the precipitant, 9–11% (w/v) polyethylene glycol
20 000, 0.1 M sodium acetate, 0.1 M 3-(N-Morpholino) propanesul-
fonic acid at pH 6.5 and 10 mM b-mercaptoethanol. For data collec-
tion, crystals were brieﬂy immersed into a precipitant solution
containing 10% (v/v) glycerol and immediately placed in a 100 K
nitrogen-gas stream. Single-wavelength anomalous dispersion
(SAD) data for the Se-Met crystal were collected at the MAX4A
beamline of the Pohang Accelerator Laboratory (PAL) at a wave-
length of 0.9795 Å. The data were then indexed, integrated and
scaled with HKL-2000 suite [11]. The crystals belong to P21 with
unit-cell parameters, a = 35.95 Å, b = 52.79 Å, c = 47.86 Å and
b = 103.92. Six Se atoms of the expected 10 in the asymmetric unit
were identiﬁed at 2.0 Å resolution using the program SOLVE [12].
The electron density was improved by density modiﬁcation using
the programRESOLVE [13], resulting in 70% of themodeled residues
being automatically built. Further model building was performed
manually using the programs, WinCoot [14] and O [15], and the
reﬁnement was performed with CCP4 refmac5 [16] and CNS [17].
2.3. Accession codes
The coordinates for the structures solved in this study have
been deposited in the Protein Data Bank with ID 3JTH.
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3.1. Structure determination and overall monomeric structure of
HlyU_Vv
The crystal structure of HlyU_Vv was determined by SAD anal-
ysis using the Se-Met substituted protein crystal and reﬁned to
2.0 Å resolution. Two protein molecules exist in the asymmetric
unit. Four amino acids of 96 at both termini were disordered. Anal-
ysis of the modeled residues by PROCHECK [18] showed that all
modeled residues were found in the valid regions of the Rama-
chandran plot (Table 1).
The monomeric HlyU_Vv structure forms a single globular do-
main composed of ﬁve a-helices (from N- to C-terminus, a1 to
a5) and the intervening two b-strands (b1 and b2) (Fig. 1). Two ter-
minal helices (a1 and a5) are attached to a typical winged helix-
turn-helix (wHTH) motif composed of three a-helices (a2, a3
and a4) together with two b-strands (b1 and b2).
3.2. Dimerization of HlyU_Vv and comparison with other related
structures
Similar to other transcription factors of small molecular weight
[6–7,9], HlyU_Vv forms a homo-dimeric structure in the crystalline
state. Two terminal helices (a1 and a5) from both subunits are in-
volved in forming a HlyU_Vv dimer and are located at the dimeric
interface (Fig. 1(B)). A structural homolog search using the DALI
server shows that the overall architecture of the dimeric HlyU_Vv
structure is closely related to the ArsR/SmtB family proteins
including a cyanobacterial metallothionein repressor SmtB [6]
with a root-mean-square deviation (rmsd) of 2.0 Å (Fig. 2).
There are, however, several large structural differences upon
superposition on the SmtB and the modeled HlyU_Vc structures
[6,8]. First, the wHTH region of the HlyU_Vv monomer is wellTable 1
Data collection and reﬁnement statistics.
Parameters HlyU_Vv
Synchrotron 4A(MXW), PAL
Wavelength (Å) 0.9798
Space group P21
Cell parameters (Å, ) a = 35.95, b = 52.79, c = 47.86, b = 103.92
Resolution (Å) 50.0–2.00 (2.07–2.00)
Completeness (%) 96.8 (90.0)
Rsym
a (%) 5.6 (25.7)
Reﬂections, observed/unique 51 069/11 379
I/r(I) 27.9 (4.1)
Sigma cutoff
Figure of meritb, solve/resolve
(50–2.3 Å)
0.0
0.37/0.65
Rfactor
c (%) 23.4 (34.5)
Rfree
d (%) 28.9 (37.9)
No. of atoms, protein/water 1473/69
RMSD, bonds (Å)/angles () 0.01/1.31
B-factors (Å2), protein/water 45.8/47.6
Geometry (%)
Most favored 89.8
Additionally allowed 9.0
Generously allowed 1.1
Values in parentheses are for the highest-resolution shell.
RMSD: root-mean-square-deviation.
a Rsym =
P
hkl
P
j|Ij  hIi|/
P
hkl
P
jIj, where hIi is the mean intensity of reﬂection hkl.
b Figure of merit = |
P
P(a)eia/
P
P(a)|, where P(a) is the phase probability dis-
tribution and a is the phase.
c Rfactor =
P
hkl||Fobs|  |Fcalc||/
P
hkl|Fobs|; where Fobs and Fcalc are, respectively, the
observed and calculated structure factor amplitudes for the reﬂections hkl included
in the reﬁnement.
d Rfree is the same as Rfactor but calculated over a randomly selected fraction (10%)
of the reﬂection data not included in the reﬁnement.superposed on the related structures, but both terminal helices
(a1 and a5) show rather large deviations (Fig. 2(A)). When the re-
lated dimeric structures were compared, the best superposition
was accomplished using their helical structures. Therefore, the C-
terminal b-hairpin winged region of HlyU_Vv (Fig. 2(B)), which
contains a highly conserved sequence motif (RKE/DVY/FYL)
among the HlyU family proteins (Fig. 1(A)) and contributes to the
DNA binding in the most wHTH motif containing proteins [6–
7,9,19], is located closer to the recognition helix a4 in the HlyU_Vv
dimeric structure than that of the SmtB dimer (Fig. 2(B)). Second,
several residues are missing at the extreme N-terminus of
HlyU_Vv, compared with the corresponding region of SmtB
(Fig. 1(A)). Residues at this extended region of SmtB form an addi-
tional, one-turn helical structure that constitutes a three-helical
bundle structure along with two helices (a2 and a3) from the
neighboring subunit and contributes to the formation of a dimer.
On the other hand, the a1 helix in the HlyU_Vv structure is elon-
gated by one turn, which does not take part in the dimerization
of HlyU_Vv. Third, the assembly of two terminal helices (a1s and
a5s) involved in the dimerization is different. Two a5s of ﬁve turns
form an anti-parallel, double-helical bundle structure with uneven
ends in the SmtB homo-dimer, whereas the corresponding helices
of four turns in the HlyU_Vv homo-dimer constitute an even-
ended, two-helical bundle structure. Further, this helical bundle
structure in the SmtB protein is tilted by about 10 upon compar-
ison with that of HlyU_Vv (Fig. 2(C)).
In addition, several minute structural differences are also ob-
served at the dimeric interface. As mentioned above, two terminal
helices (a1 and a5) from each subunit are involved in the dimer-
ization of both HlyU_Vv and SmtB (Fig. 2(B)). Similarly in SmtB,
hydrophobic interactions are involved in the homo-dimerization
of HlyU_Vv, where non-polar residues on the a5 helix (Met87,
Leu90 and Leu94) and on the a1 helix (Leu16) from both subunits
are intertwined (left in Fig. 2(C)). Another hydrophobic interaction
exists at the a1–a2 contacting area of HlyU_Vv homo-dimer
(Fig. 2(D)), which includes a number of non-polar residues on the
a1 helix (Met6, Val14, Leu17 and Lys18) from one subunit and
on the a2 (Ala21) and a5 helices (Leu91) from the other subunit.
3.3. Absence of metal-binding site in HlyU_Vv
Metal sensing is one of the important properties in the ArsR/
SmtB transcription family proteins [5–7] and two metal-binding
sequences are conserved in this protein family (Fig. 1(A)). Concern-
ing the ﬁrst metal-binding site, the ELCV(C/G)D sequence motif
(M1) is partially conserved in HlyU, but the liganding Cys and
Asp residues are substituted with the Ser and Glu residues in HlyU,
respectively (Fig. 1(A)), which are not favorable for chelating a me-
tal ion in this region. The other metal ion is coordinated by four po-
lar residues at the dimeric interface of the SmtB protein; two His
and two acidic residues (Asp104, His106, His117 and Glu120) from
both subunits (right in Fig. 2(C)). This second metal binding par-
tially contributes to the homo-dimerization of SmtB in the three-
dimensional structure [7]. However, this metal-binding sequence
motif is not conserved in the primary sequence of HlyU proteins
at all (M2 at Fig. 1(A)), nor in the structurally equivalent region.
Therefore, this experimental structure of HlyU_Vv provides direct
evidence for the absence of metal-binding sites in the HlyU_Vv
transcriptional regulator.
Nonetheless, different kinds of polar interaction are observed in
the dimerization of HlyU_Vv, but not at the major dimeric a5–a5
interface. The side chain atoms of Glu7 on the a1 helix of one sub-
unit ionically interact with Arg24 on the a2 helix of the other sub-
unit and a hydrogen bond is formed between the –OH of Ser10 on
the a1 helix of one subunit and the OE1 of Gln27 on the a2 helix of
the other subunit (Fig. 2(D)). At the extreme C-terminal region in
Fig. 2. Comparisons and interactions at the dimeric interface. Monomers of HlyU_Vv are differentiated by colors, green and magenta. (A) Superposition of the HlyU_Vv
monomer (magenta) on the modeled HlyU_Vc monomer (gold) and the experimental SmtB monomer (blue). (B) Stereo-presentation of the HlyU_Vv dimer (green for the
lower subunit and magenta for the upper subunit) superposed on the SmtB (1SMT, blue) and modeled HlyU_Vc (gold) structures. This ﬁgure was rotated with respect to
Fig. 1(B) to clearly show the differences among the superposed structures. Large deviations are observed at the winged regions as well as the helices at the dimeric interface.
(C) Comparison of two structures at the two a5 helix contacting area. Two structures are oriented in the same direction. Some residues of HlyU_Vv are displayed with stick
models, whose atoms are displayed by yellow and red for sulfur and oxygen atoms, respectively, and the carbon atoms of both subunits are differentiated by colors, for
example, green for one subunit and magenta for the other subunit (left). Zn ion and its ligand residues of the SmtB (1SMT) protein are displayed with ball and stick models,
respectively (right). Note the differences of length of a5 helices and their relative orientations. (D) The polar interaction of the HlyU_Vv dimer. The extreme N-terminal region
of a1 (green) additionally contributes to the formation of a stable HlyU_Vv dimer, along with a2 from the other subunit (magenta). Hydrogen bonds at the interface are
displayed by red-dotted lines.
1100 K. Nishi et al. / FEBS Letters 584 (2010) 1097–1102the HlyU_Vv structure, another hydrogen bond network is formed
between the peptide oxygen atom of Tyr95 and the ND2 atom of
Asn9, which in turn interacts with the peptide oxygen atom of
Asp5. These polar interactions are not present in the SmtB protein
[6–7].
3.4. Implications for DNA binding
The OhrR transcription regulator, which belongs to the ArsR/
SmtB family, binds to B-form DNA. However, this DNA is globally
bent by 10 and undertwisted by 1.4, indicating the shortening
of the end-to-end distance of the binding site by 3.5 Å [21]. Further,
the wing region in the SmtB/ArsR family proteins additionally con-
tributes to DNA binding by locating their charged residues (Asp92
and Arg94 in OhrR and Arg67 and Arg69 in Phr) into the minor
groove of DNA [21–22].
HlyU_Vv is a transcriptional activator and induces the expres-
sion of the vibrio rtxA toxin [3–4,20]. The DNase I protection as-
say in a recent study conﬁrmed that HlyU_Vv binds to the
promoter region from 417 to 376 bp of the transcription start
site [23]. The elucidated crystal structure of HlyU_Vv exhibits thepresence of a typical DNA-binding wHTH motif (Fig. 1(B)). Like
the SmtB protein, two recognition helices (a4s) in the HlyU_Vv
dimer are oriented in the same direction, where several con-
served amino acids (Arg24, Arg25, His56, Arg61 and Lys70) con-
struct a positively charged patch (Fig. 3). Comparison with
known structures of the same protein family, however, reveals a
substantial spatial difference here. The gap between the two
a1s and two a4s in the HlyU_Vv dimer is larger than that of SmtB
(Fig. 2(B)), thereby constructing a deeper concave surface be-
tween the two a4 recognition helices in HlyU_Vv than that of
the SmtB proteins. The two recognition a4 helices of the wHTH
motif in the present HlyU_Vv dimer are roughly separated by
30 Å, which is shorter than the distance between the adjacent
major grooves in DNA of B-form (34 Å). Further, the loop between
the two b-strands of the wing region in HlyU_Vv is shorter than
those of OhrR and Phr [21,22] and does not have the relevant pos-
itively charged residues (Arg67 and Arg69) that interact with the
DNA-minor groove in Phr [22]. Based on all these structural fea-
tures and the binding promoter size of 42 bps by HlyU_Vv [23],
we constructed a DNA-complex model of HlyU_Vv (Fig. 3(B)) by
superposing the coordinates of HlyU_Vv DNA-recognition motif
Fig. 3. Modeling of the promoter DNA on the experimental HlyU_Vv structure. (A) The surface potential presentation of HlyU_Vv around the putative DNA binding site. This
ﬁgure was rotated with respect to Fig. 1(B) to show the charge distribution at the putative DNA binding site. The positively and negatively charged surfaces are colored in blue
and red, respectively. Some residues on the putative DNA recognition helix, a4, were indicated on the surface. (B) Modeling of the promoter DNA on the HlyU_Vv dimer. The
modeled, liner DNA (left) and bent DNA (right) are displayed by surface, whereas the dimeric HlyU_Vv structure is by ribbon diagram. In this modeled structure, a liner DNA
of B-form does not now allow favorable interaction with HlyU_Vv (left). Two symmetrically located a4 helices are, however, inserted into the major grooves of a bent DNA
(right).
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idealized B-DNA model. The model shows that the binding of
both ends of the HlyU_Vv dimer may require a bending of the
DNA-helix of 15 (left in Fig. 3(B)). In the modeled structure
(right in Fig. 3(B)), the two recognition a4 helices are located in
the DNA major grooves, where several residues on the recognition
a4 helices (Gln50, Ser51, Ser54, Gln55, His56, Trp59, Arg61 and
Arg62), the a1 and a2 helices (Lys18, Arg24 and Arg25) and on
the winged region (Gln73) are located within the distance to
make favorable interactions with the negatively charged DNA
backbone or the bases of the promoter region. Based on the
homology to OhrR and the modeling study here, residues of
Gln50, Ser51, Gln55, Arg61 and Gln73 appear to deﬁne the se-
quence speciﬁcity of HlyU_Vv.
The proteins that belong to the same protein family suggested
controversial results, i.e., a DNA-binding model with a linear or a
bent structure [21,22]. With only the present structural data, it is
not clear which model is correct in the case of HlyU transcriptional
regulator. However, a bent DNA model appears to be more plausi-
ble than a linear model if its structural change does not occur upon
DNA binding. Exact DNA binding of HlyU_Vv transcriptional regu-
lator will be clariﬁed when the DNA-complex structure is available.
4. Conclusion
The ﬁrst experimental structure of a HlyU transcriptional regu-
lator described here shows a common structural DNA-binding mo-
tif and its overall structure is very similar to that of the ArsR/SmtB
transcription family (Fig. 2(A)). However, the detailed structural
features, such as the interactions in homo-dimerization and the
relative spatial positions of secondary structural elements, are sig-
niﬁcantly different from other transcription proteins of the same
family, which could not be identiﬁed by the similar-sequence
and family-based structural modeling study and provide betterstructural information on the diversity of this transcription factor
family.
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